Attapulgite (ATP) is a type of natural magnesium aluminum silicate mineral and has been applied as an adsorbent to remove organic pollutants and heavy metals in aqueous solution. This study investigated the 4A-molecular sieve modified from ATP on simultaneous adsorption of ammonium and humic acid (HA). The properties of raw and alkali treated ATP were compared such as surface morphologies, crystallinity phase and removal efficiency. The influences of 4A-molecular sieve dosage, pH values, mixing speed, initial contaminants' concentration, solution temperature and adsorption time on removal of ammonium and HA were thoroughly evaluated. The results indicated that the removal efficiency of ammonium at the low temperature of 5 C increased dramatically using alkali modified ATP comparing with that using the raw ATP. The optimum 4A-molecular sieve dose was 1 g L À1 and the maximum adsorption of ammonium was obtained at natural water's pH, while the maximum HA adsorption was obtained at around pH 4. The adsorption isotherms and kinetics for adsorption of ammonium and HA were also studied to obtain the adsorption mechanisms. It was found that the temperature did not have a significant influence on the removal of ammonium and HA. The ammonia has likely been removed from water through electrostatic adsorption and ion-exchange whereas the humic acid might be eliminated via a mechanism of electrostatic adsorption and cation-bridge effect. These results revealed that 4A-molecular sieves modified from ATP have a significant potential for applications of ammonium removal at low temperature.
Introduction
In the northeast of China, surface water with low temperatures (below 10 C in winter) is one of the main drinking water sources, however, the presence of ammonium and natural organic matters (NOM) in the surface water bodies could cause taste, odor and color problems. 1, 2 The high concentration of ammonium in water could lead to eutrophication and formation of nitrite in the distribution systems. 3 The ammonia in water sources can also interfere with the chlorination processes and decrease the disinfection efficiency. 4 Humic acids (HA) which are assemblages of high molecular weight natural polymers constitute the NOM. 5 Their surface functional groups like carboxyl (-COOH) and phenolic hydroxyl (-OH) groups are attached to aromatic rings, thus they are anionically hydrophobic in water sources. 6, 7 During the disinfection and chlorination of drinking water, HA could form strong toxic disinfection byproducts (DBPs) such as trihalomethanes (THMs) which is also carcinogenic. 8 It is therefore essential to eliminate ammonium and HA from water before supplying it for drinking to maintain human health.
Many drinking water treatment approaches such as coagulation/occulation, sedimentation, ion exchange, biodegradation, ltration and so on have been applied to remove ammonium and HA from water, however their efficiency is not high especially at low temperature. Adsorption has the advantages of simplicity and high efficiency for elimination of ammonium and HA, so more and more attentions have been paid for its investigation. Zeolite, 1,3,9-13 clay minerals, 14-17 y ash, 18, 19 activated carbons, 20 and chitosan 21 have been investigated as adsorbents, of which clays are more attractive because of their high mechanical and chemical stability as well as low cost. Attapulgite (ATP), which is a type of natural magnesium aluminum silicate mineral, has a porous structure, large specic surface area and moderate cation exchange capacity. 22 It has been applied as adsorbents to remove organic pollutants and heavy metal in aqueous solution. 23 However, the adsorption efficiency and capacity of ATP are not high enough to meet the demand in practice, so modications of ATP need to be investigated to remove organic contaminants, ammonium and heavy metal efficiently. It has been reported that organic modied ATP with polymers or small molecules have been explored to improve the characterizations and properties of ATP.
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However, other modication methods like alkali treatment for ATP have been rarely conducted and reported. In this study, ATP was modied by alkali treatment to 4A-molecular sieve as adsorbents to remove ammonium and HA simultaneously. And the effects of molecular sieve concentration, solution pH, temperature and mixing speed on removal of ammonium and HA were investigated as single and binary component.
Materials and methods

Materials
In the experiments, the ATP with an average particle size of 200-mesh screen was obtained from Xu Yi in Jiang Su province, China and the main components of ATP were shown in Table 1 . The compaction density of ATP is 0.8-0.9 g mL À1 , and the pH is around 6.5-8.0. Before experiments, the raw ATP was washed with distilled water and then dried at 105 C. The NH 4 Cl and HA were dissolved into distilled water to prepare the solutions for adsorption, and all of the chemicals used in the experiments were analytical grade.
Alkali treatment
The clean and dry ATP was put into NaOH solution with a concentration of 0.5 mol L À1 , and then mixed with a rotation speed of 200 rpm, 100 C. Aer ltration, the alkali solution containing Na 2 SiO 3 was obtained. Given percentages of NaAlO 2 , NaOH and
were added into the alkali solution, and the solution was mixed at 25 AE 5 C for 1 h to form the silicon aluminate gel which crystallized at 90 C for 12 h in reaction kettle. The crystal was washed with distilled water and then dried to obtain the 4A-molecular sieve.
Adsorption experiments
The adsorption properties of raw and modied ATP were characterized by batch experiments. In each experiment, 100 mL of solution with different concentrations of HA (and/or NH 4 Cl) were adjusted to the desired value of pH with 0.1 mol L À1 NaOH or HCl and transferred into the conical ask with a volume of 250 mL. Then a certain amount of raw or modied ATP was added into the conical ask. The mixture was stirred at 200 rpm for a given time and was centrifuged at 4000 rpm for 10 min. The supernatant then passed through the 0.45 mm microltration membrane and the concentration of HA (and/or NH 4 Cl) was analyzed from the ltrate. The adsorption capacity q e (mg g À1 ) can be calculated via the following equation:
where V (L) was the volume of HA (and/or NH 4 Cl) solution, C 0 and C e (mg L À1 ) were the concentration of HA (and/or NH 4 Cl) solution before and aer adsorption, respectively, and M (g) was the adsorbent weight. The percentage removal R (%) of HA (and/or NH 4 Cl) was calculated by the following equation:
The 4A-molecular sieve dosage, pH value of solution, initial concentration of contaminant(s), mixing speed and temperature were selected as variables in this study.
In the experiments for the effects of initial contaminants' concentration on adsorption, the initial concentrations of NH 4 
Characterization
The raw and modied ATP were characterized by scanning electron microscope (SEM, Quanta FEG200), X-ray diffraction (XRD, D/max-rB 12 KW) and X-Ray Spectrometer (XRF, AXIOS-PW4400) for analyzing the surface morphology, the crystallinity phase and the chemical composition, respectively. The pH dri procedure was applied to determine the pH of zero charge point (pH zpc ).
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The concentration of HA was determined by a UV-vis spectrometer (T6 New century) with detecting wavelength at 254 nm. The Nessler's reagent colorimetric method was used to measure the concentration of ammonia in solution including ionized (NH 4 + ) and non-ionized (NH 3 ) species. The equivalent concentrations of cations in the solution before and aer reaction in the molecular sieve-solution system were measured by Inductively Coupled Plasma-Atomic Emission Spectrometry(ICP-AES-5300DV, PE, USA) to investigate the ion exchange degree. The solution aer reaction was treated by suction ltration, and the ltrate was diluted and tested by ICP-AES.
Results and discussion
Characterization of samples
A complete characterization of raw and alkali treated ATP was carried out and the results are shown below. 3.1.1 Surface morphology obtained by SEM scans. The surface morphologies of original and alkali treated ATP were shown in Fig. 1 . It can be seen from Fig. 1a that the original ATP had a compact structure, a small amount of space, and crystals in rod shape with a diameter ranging from 20 to 70 nm. The alkali treated ATP (Fig. 1b) had cubic and octahedral particles, and the particle diameter was around 1.75-2.5 mm, which indicated that the structure became loose and the effective specic surface area increased aer the alkali treatment.
3.1.2 Crystallinity phase obtained by XRD. The XRD patterns of original and alkali treated ATP were shown in Fig. 2 . The characteristic XRD peak of ATP was at 2q ¼ 8. 46 in Fig. 2(a) . 25 Aer alkali treatment, the intensity of that peak became weak, and the characteristic XRD peaks of 4A-molecular sieve (at 2q ¼ 7. 
Comparisons of removal efficiency between original and alkali modied ATP
The removal efficiency of ammonium and HA by original and alkali modied (4A-molecular sieve) ATP at low temperature was compared and the results were listed in Table 3 . As seen in this table, the removal efficiency of ammonium increased dramatically (from 8.33% to 100%) aer alkali modication of ATP which was attributed to the high capability of cation exchange, molecular sieving and adsorption of 4A-molecular sieve.
1
However, the removal efficiency of HA decreased (from 19.57% to 8.20%) aer alkali treatment of ATP, which may be caused by the changes of pH zpc . The pH zpc of ATP was 5.21, while the pH zpc of 4A-molecular sieve was 4.11 (displayed in Fig. S1 of ESI †). In the experimental conditions (pH ¼ 7), the 4A-molecular sieve was negatively charged which was only attractive and exchangeable to cations.
The effects of 4A-molecular sieve dose on adsorption
The effects of 4A-molecular sieve dose on adsorption capacity and removal efficiency of ammonia were investigated in this study, and the contaminants were single ammonium (5 mg L À1 )
and ammonium (5 mg L À1 ) in the presence of HA (2 mg L À1 ).
The data were depicted in Fig. 3 . The removal efficiency of ammonium increased with the addition of 4A-molecular sieve doses and then reached to an equilibrium value when the dose was higher than 1 g L À1 , which indicated that the dose of 1 g L
À1
was the optimum 4A-molecular sieve dose both for single ammonia and ammonia in the presence of HA. The removal efficiency of ammonium was inuenced by the presence of HA that the removal efficiency of ammonium decreased around 15% and the adsorption capacity decreased slightly. It may be caused by two reasons: (1) the negatively charged HA adsorbed the NH 4 + ions by electrostatic attraction and (2) HA was adsorbed on the surface of 4A-molecular sieve which blocked the adsorption sites for ammonium.
The effects of pH on adsorption and the adsorption mechanism
The effects of solution pH (ranging from 2 to 12) on removal efficiency of ammonium ( Fig. 4a) and HA (Fig. 4b ) by 4A-molecular sieve were evaluated as both single and binary contaminants. Fig. 4a showed that in the single ammonia solution when pH increased from 2 to 7, the ammonium removal efficiency increased from 71% to 99%, and aer that with the increase of solution pH (from 7 to 10), the ammonium removal efficiency decreased to 63%, which demonstrated that pH ¼ 7 was the optimum pH. This nding was consistent with other reports. 1, 26, 27 It is known that there is competition between H + and NH 4 + for exchange sites of 4A-molecular sieve, thus the removal efficiency of ammonium at pH < 7 was lower than the maximum (99%). When the concentration of OH À ions in solution increased, the percentage of molecular ammonia would increase and the surface of 4A-molecular sieve was blocked, which was not benet for the ion exchange process.
In Fig. 4b , with the increase of pH from 2 to 4, the removal efficiency of HA by 4A-molecular sieve with single HA in the solution increased from 0 to 25%, thereaer, the removal efficiency decreased with the increase of pH. The HA has an electrostatic point (IEP) of about 1.9 and the HA molecules in the tested pH range were negatively charged because of the deprotonation of carboxyl groups or phenolic groups. 22 When pH was lower than the pH zpc of 4A-molecular sieve (pH zpc ¼ 4.11), the surface of 4A-molecular sieve was positively charged which facilitated the HA adsorption. When pH was higher than the pH zpc of 4A-molecular sieve, the surface of adsorbent became negatively charged, which led to electrostatic repulsion interaction between the adsorbent and HA, and thus the reduction of the removal efficiency. Fig. 4 also showed the effects of solution pH on the removal efficiency of ammonium and HA as binary components. The removal tendency of ammonium and HA was similar to that of single component of ammonium and HA, respectively, and the removal efficiency of both ammonium and HA was lower than that of single ammonium, while the removal of both ammonium and HA was higher than that of single HA. There are interactions among ammonium, HA and 4A-molecular sieve: (1) HA could adsorb a part of NH 4 + by ion exchange process which could inhibit the adsorption of ammonium by 4A-molecular sieve; (2) HA are adsorbed by 4A-molecular sieve with the effects of hydrogen bonding, van der Waals force and cation-bridge, 28 and most of the adsorbed HA covers the surface, blocks some channels, and takes up some adsorption sites of 4A-molecular sieve, which also inhibit the adsorption of ammonium; and (3) HA has surface activity which could reduce the surface tension of solution and consequently promotes the incompletely absorbed NH 4 + to 4A-molecular sieve as well as facilitates its adsorption. 1 The interactions (1)-(3) could promote or inhibit the adsorption of ammonium. In Fig. 4 , the removal efficiency of ammonium in the presence of HA was lower than that in the absence of HA, indicating that the presence of HA inhibited the adsorption of ammonium. The inhibition degree changed with the solution pH, and reached to the maximum at pH ¼ 7. This can be explained by considering the difference in ionic charge of contaminants and the pH zpc of 4A-molecular sieve, as well as the difference in adsorption mechanism. The ammonium has been likely removed from solution through electrostatic attraction and ion-exchange, 29 which can be explained by variation of equivalent concentrations of cations in the solution before and aer reaction in the 4A-molecular sieve-solution system given in Fig. 5 . As shown in Fig. 5 , the equivalent concentration of Na + in the solution increased aer adsorption and the ion exchange amount of Na + and NH 4 + accounted for more than 90% of the total ion exchange amount. Thus the deduced ion-exchange mechanism for ammonium removal by 4A-molecular sieve can be expressed below:
(4A-molecular sieve-Na + ) + NH 4 + / (4A-molecular sieve-NH 4 + ) + Na +
The humic acid might be eliminated via mechanism of the electrostatic adsorption, 30 and the reaction was shown below:
(4A-molecular sieve-Na + ) + HA À / (4A-molecular sieve-Na AEHA ) (4) Improvement of humic acid removal in the presence of ammonia was due to the cation-bridge effect, 30 which is the formation of a complex between functional phenolic and/or carboxylic groups in humic acid molecules with the ammonium ions adsorbed on the surface of 4A-molecular sieve. It can be expressed as the following equation:
(4A-molecular sieve-NH 4 + ) + HA À / (4A-molecular sieve-NH 4 AEHA ) (5)
The effects of mixing speed on adsorption
The effects of mixing speed (50, 100, 150, 200 and 250 rpm) on adsorption capacity and removal efficiency of ammonium by 4A-molecular sieve were also investigated in this study. As depicted in Fig. 6 , the adsorption capacity and removal efficiency of ammonium increased with the increase of mixing speed and reached to a maximum at the mixing speed of 200 rpm. High mixing speed could quickly obtain a balance between contaminants and adsorbents, which elevated the ammonium removal signicantly. But when the mixing speed was higher than 200 rpm (at 250 rpm), the removal efficiency was lower than that of 200 rpm, which indicated that the adsorption of 4A-molecular sieve was saturated at the mixing speed of 200 rpm.
The effects of initial contaminants' concentration on adsorption and adsorption isotherms
The inuences of initial concentration of NH 4 Cl and HA on adsorption capacity as both single and binary contaminants were investigated in this study, and the results were shown in Fig. 7 and 8 . With the increase of initial concentrations of contaminant(s), the adsorption capacities increased, however, the slopes of curves decreased which indicated that the removal efficiency of ammonium and HA decreased. It may be ascribed to the 4A-molecular sieve becoming saturated.
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The adsorption isotherm was also estimated to determine the maximum adsorption capacity of ammonium and HA by 4A-molecular sieve and to obtain the adsorption mechanisms. Freundlich, Langmuir and Langmuir-Freundlich equations were used to t the experimental data, and the equations were expressed as below: Freundlich equation:
Langmuir equation:
and Langmuir-Freundlich equation:
where K F is Freundlich constant, 1/n is the heterogeneity factor, q m (mg g À1 ) is the theoretical adsorption capacity of adsorbent for contaminant(s), and b (L mg À1 ) is Langmuir constant. The
Langmuir equation is applied to homogeneous surface and the monolayer adsorption, while the Freundlich equation is applied to heterogeneous surface.
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The parameters of tted curves were listed in Table 4 . According to the values of R 2 , the tting degree of experimental data in three models can be evaluated. It was found that the values of R 2 in the Freundlich equation (R 2 between 0.918 and 0.994) were higher than those of other two equations, which indicated that the adsorption of ammonium and HA by 4A-molecular sieve was a multilayer system with non-uniform adsorption. 1 The mechanisms for simultaneous adsorption of ammonium and HA were also veried by the heterogeneity of 4A-molecular sieve surface and the multilayer adsorption system presented in Section 3.3. The values of K F for both single and binary component were much higher for adsorption of ammonium (from 2.296 to 3.148) than that of HA (from 0.445 to 0.314), showing that the 4A-molecular sieve was more appropriate for adsorption of ammonium compared to the adsorption of HA. 31 
The effects of temperature on adsorption and adsorption isotherms
The effects of temperature on removal efficiency of ammonium and/or HA by 4A-molecular sieve were studied and the results were depicted in Fig. 8 . When the temperature increased from 5 to 35 C, the removal efficiency of ammonium reached to 100%
for single component and increased slightly with the presence of HA, whereas the removal efficiency of HA was increased less than 30%. The adsorption capacity of ammonium and HA determined at different temperatures was tted using Freundlich isotherms (shown in Fig. 9 ) and the parameters were listed in Table 5 . With the increase of temperature from 5 to 35 C, the values of K F for both single and binary component increased and at each specic temperature were higher for adsorption of ammonium (from 1.962 to 3.550) than for that of HA (from 0.314 to 0.891), proving that the 4A-molecular sieve had a higher affinity for ammonium adsorption, which was in consistent with the ndings before (Section 3.4). When the temperature increased from 5 to 35 C, the maximum adsorption capacity (q e-max ) of ammonium for single NH 4 Cl and both NH 4 Cl and HA increased from 68.039 to 173.163 mg g À1 and from 61.389 to 169.738 mg g À1 , respectively, indicating that the addition of HA reduced the q e-max of ammonium. Meanwhile, the maximum adsorption capacity (q e-max ) of HA for single HA and both NH 4 Cl and HA increased from 14.559 to 16.534 mg g À1 and from 20.583 to 27.444 mg g
À1
, respectively, indicating that the addition of NH 4 Cl increased the q e-max of HA. This trend was similar to the results in Section 3.3 and 3.4. So far, there was no other reports available on simultaneous adsorption of ammonium and HA by 4A-molecular sieve, therefore no data could be used to compare the results of this study.
According to the results above, it was implied that the temperature did not have signicant inuences on adsorption by 4A-molecular sieve, thus high performance of ammonium and HA adsorption can be obtained even at low temperature, which was benet for applications of 4A-molecular sieve in north of China.
Kinetics of adsorption
Adsorption kinetics of ammonium and HA onto 4A-molecular sieve at different initial concentration of contaminant(s) were also investigated in this study. Pseudo-rst order kinetics and pseudo-second order kinetics which were usually applied to describe adsorption of organic pollutants onto adsorbents were used to t the time-course experimental results, and the models were expressed as follows:
Pseudo-rst-order equation:
Pseudo-second-order equation:
where q t (mg g
À1
) is the adsorption capacity at time t (min), k 1 and k 2 are constants of adsorption rate, h ¼ k 2 q e 2 equals to the rate of adsorption (mg (g À1 min À1 )). The boundary conditions of two equations are q t ¼ 0 at t ¼ 0 and q t ¼ q e at t ¼ t.
The parameters of the ttings were summarized in Table 5 (the original data and tting lines were shown in Fig. 10 and 11 ). Comparing the tting degree (R 2 ) of the two models, it can be found that the pseudo-second order kinetics had better tness for adsorption of both ammonium and HA as single and binary components. With the increase of initial concentration of contaminants both for NH 4 Cl and HA as single and binary components, the constant value of pseudo-second order adsorption rate (k 2 ) decreased whereas the adsorption rate (h) increased gradually, which indicated that the mass transfer rate of contaminants onto the surface of 4A-molecular sieve was elevated. As seen in Table 6 , the values of k 2 for binary adsorption of ammonium and HA were higher than that of single contaminant adsorption, which can be explained by the eqn (5) that the formation of new adsorption sites improved the mass transfer rate for simultaneous adsorption of ammonium and HA. The adsorption kinetics were further investigated by tting the experimental data with the intraparticle diffusion model shown as below:
where k int is the coefficient of intraparticle diffusion (mg (g À1 min À0.5 )).
Two or more linear relationships were found in the plots of intraparticle diffusion model for both ammonium and HA as single and binary components (not shown), which indicated that both intraparticle diffusion and lm diffusion were involved in the adsorption processes.
1, 32 The coefficients of intraparticle diffusion (D p ) and lm diffusion (D f ) were calculated to determine the rate controlling steps in adsorption processes according to the equations as follows:
Intraparticle diffusion models:
Film diffusion models:
where k p ¼ D p p 2 /r 2 and k f ¼ D f C/C Z hr are rate constants, C and C Z (mg kg À1 ) are concentrations of contaminants in the solution and in the adsorbent, respectively, h is the thickness of lm on the surface of adsorbent, and r (m) is the average particle radium of 4A-molecular sieve. The values of D f and D p for adsorption of ammonium and HA by 4A-molecular sieve as single and binary components were listed in Table 7 
Conclusion
This study investigated the 4A-molecular sieve modied from ATP on adsorption capacity and removal efficiency of ammonium and HA as single and binary components. The inuences of concentration of 4A-molecular sieve, pH values, mixing speed, initial contaminants' concentration, solution temperature and adsorption time on removal of ammonium and HA Table 7 Values of film diffusion (D f ) and intraparticle diffusion(D p ) coefficients for adsorption of ammonium and HA by 4A-molecular sieve 2.17E-9
1.32E-5
1.25E-5
3.05E-13
2.90E-13
were thoroughly evaluated in this study. From the experimental results, it can be concluded that: First, the removal efficiency of ammonium increased dramatically aer alkali modication of ATP, while the removal of HA decreased.
Second, the Freundlich isotherm model was selected as the best model for the temperature evaluation and the temperature did not have signicant inuences on removal of ammonium and HA.
Accordingly, the 4A-molecular sieve modied from ATP was found to be an efficient adsorbent for removal of ammonium even at low temperature. The experimental data provided in this study was considered useful for applications of ATP and 4A-molecular sieve.
